Correlation of microstructure with the hardness, wear resistance, and fracture toughness of twolayered VC/Ti-6Al-4V surface composites fabricated by high-energy electron-beam irradiation was investigated in this study. A mixture of VC powders and CaF 2 flux was deposited on a Ti-6Al-4V substrate, and then an electron beam was irradiated on these powder mixtures to fabricate an onelayered surface composite. A two-layered surface composite was fabricated by irradiating an electronbeam again onto the powder mixture deposited on the one-layered surface composite. The composite layers of 1.2 to 1.5 mm in thickness were homogeneously formed without defects and contained a large amount (25 to 40 vol pct) of carbides in the martensitic or ␤ -Ti matrix. This microstructural modification, including the formation of hard carbides and hardened matrix, improved the hardness and wear resistance. Particularly in the two-layered surface composite containing more carbides, the wear resistance was greatly enhanced to a level 7 times higher than that of the Ti-6Al-4V substrate. In-situ observation of the fracture process showed that microcracks were initiated at carbides and propagated along these microcracked carbides and that shear bands were formed in the matrix between these microcracks. In the two-layered surface composite, numerous microcracks were initiated at many carbides and then rapidly propagated along them, thereby lowering the fracture toughness.
I. INTRODUCTION
conducted in a vacuum, studies on this method have been less active than those on the laser-beam irradiation method, RESISTANCE to wear, oxidation, and corrosion of which allows atmospheric irradiation. Recently, many materials largely depends on the composition and microresearches have been conducted on the fabrication of surstructure of the material surface, and properties required for face-hardened materials or surface composites using a highthe surface may be different from those of bulk substrates energy electron accelerator (several MeV energy range), in many instances. For enhancement of surface properties, which accommodates atmospheric irradiation. [11, 12, 13] When researches on direct irradiation of high-energy beams, such ceramic powders are deposited evenly on a metal surface and as pulsed-laser beam or electron beam, have been carried then irradiated by an electron beam, ceramic/metal surface out to harden the surface or to make surface composites. [1] [2] [3] [4] composites can be fabricated as ceramic powders, substrates Because fast cooling on the material surface can be obtained are melted, and ceramic elements are penetrated into the from energy-irradiation methods and input energy hardly substrate and precipitated. Studies on surface composites affects the substrate, these methods can achieve required have mainly focused on improvement of wear properties, surface properties while maintaining substrate properties. [5, 6] microstructural modification, and their high-temperature In the fabrication of surface composites using a high-energy application. In the case of titanium alloys, however, the beam, the surface region is melted and then solidified, and thickness of surface composites that can be fabricated by an thus, it hardly has an interfacial-bonding problem. Quasistaone-time electron-beam irradiation is relatively thin (about 1 ble phases with excellent properties can also be obtained by mm), and their microstructures are varied with thickness, overcoming the equilibrium solubility limit caused by a fast thereby limiting the enhancement of mechanical properties. cooling rate during solidification. [5, 6, 7] Therefore, many studIt is, thus, highly required to form thicker surface-composite ies have focused on the desired surface properties and microlayers with homogeneous microstructure. In addition, studies structures by forming carbides, borides, and nitrides on the on fracture properties of surface composites are required as surface of ferrous or titanium alloys using laser or electronresistance to deformation and fracture decreases because of beam irradiation. [8, 9, 10] the presence of a large amount of very hard ceramic particles Because electron-beam irradiation in general should be on the surface-composite layer.
In the present study, surface composites with enhanced hardness and wear resistance were fabricated by depositing microstructure, hardness, and wear resistance were analyzed mixed with VC powders at a flux-mixing ratio of 40 wt pct. This powder/flux mixture was evenly deposited on a titanium-alloy substrate of 100 ϫ 50 ϫ 12 mm in size and then pressed with a 120 kPa load. A high-voltage electron accelerator at the Budker Institute of Nuclear Physics (Novosibirsk, Russia) was used for irradiation. [16] This accelerator has energy ranges from 0.5 to 1.5 MeV and maximum power of 100 kW. The irradiation conditions, such as beam power, beam current, and beam traveling speed are listed in Table I . The CaF 2 flux forms slag crusts after irradiation, and thus, no flux exists in the surface-composite layer. Also, the powder mixture was deposited once again on the fabricated surface composite and then irradiated by an accelerated electron beam whose current was increased by 20 pct over the previous irradiation to fabricate a two-layered surface composite. For convenience, these one-layered and twolayered specimens are referred to as VC1 and VC2, respectively. Figure 2 is a schematic diagram showing the fabrication procedures.
The surface-composite specimens were sectioned parallel to the irradiation direction, polished, and etched by a Kroll solution (100-mL H 2 O ϩ 10-mL HNO 3 ϩ 5-mL HF). Their microstructure was observed by an optical microscope and a scanning electron microscope (SEM). Phases present in the surface-composite layer were analyzed by X-ray diffrac- volume fractions were measured by an image analyzer. The hardness was measured from the surface down to the substrate by a Vickers hardness tester under a 500-g load, and in comparison with those of a one-layered surface composite the microhardness of the matrix and precipitates was measfabricated by a one-time electron-beam irradiation. Also, ured by an ultra micro-Vickers hardness tester under a 10-effects of the size and volume fraction of ceramic particles g load. on fracture properties of surface composites were investiAbrasive wear-resistance tests were performed by a dry gated by an in-situ fracture test.
sand/rubber wheel abrasion-wear tester in accordance with ASTM G65-85 specifications. [17] Wear-test specimens were machined to a size of 25 ϫ 50 ϫ 12 mm. They were worn II. EXPERIMENTAL in contact with sands (average diameter of 0.5 mm) between rubber-lined wheels under a 25-kg load, and the weight loss A Ti-6Al-4V alloy (ASTM-B-265, Grade 5) obtained from OREMET Co. (Albany, OR) was used as a substrate, was evaluated as resistance to abrasive wear. Wear testing was performed at room temperature without using a lubriand its chemical composition is Ti-6.27Al-3.82V-0.17Fe-0.17O-0.01C-0.01N-0.0006H (wt pct). Figure 1(a) is an opticant, and the total wear distance was 600 m. After the wear test, a worn surface and cross section of each specimen were cal micrograph of the Ti-6Al-4V alloy substrate, which is composed of equiaxed ␣ and intergranular ␤ phases. Ceramic observed by an SEM. In-situ SEM fracture tests were conducted to directly powders used for the fabrication of surface composites were VC powders with high hardness (2000 to 3000 kg/mm 2 ), observe the fracture process occurring in the surface composites and to measure apparent fracture toughness simultaneexcellent resistance to wear and heat, high thermal conductivity, and a high melting point (2700 ЊC).
[14] Their scanning ously. [18, 19, 20] Figures 3(a) and (b) are schematic diagrams showing a compact-tension (CT) type loading stage and a electron microscope (SEM) photograph is shown in Figure  1(b) , and their size ranges from 2 to 5 m.
thin CT specimen with a sharp notch, respectively. For an accurate measurement of fracture toughness, a fatigue crack The CaF 2 powders (density of 3.18 g/cm 3 and melting temperature of 1423 ЊC) were used as flux [15] and were should be introduced into a thin CT specimen (0.3-mm
